Study Design. A prospective, nonrandomized cohort study. Objective. To describe a technique quantifying movement induced by transcranial electrical stimulation (TES) induced movement in relation to the positioning of electrodes during spinal deformity surgery. Summary of Background Data. TES induced movement may cause injuries and delay surgical procedures. When TES movements are evoked, muscles other than those being monitored any adjustments in stimulation protocols and electrode positioning may be expected to minimize movement whereas preserving quality of monitoring. In this study, seismic evoked responses (SER) induced through TES were studied at different electrode positions. Methods. Intraoperative TES-motor evoked potentials were carried out in 12 patients undergoing corrective spine surgery. Accelerometer transducers recorded SER in two directions at four different locations of the spine for TES-electrode montage groups Cz-Fz and C3-C4. A paired t test was used to compare the means of SER and the relationship between movement and TES electrode positioning. Results. SERs were strongest in the upper body. All mean SERs values for the Cz-Fz group were up to five times larger when compared with the C3-C4 group. However, there were no differences between the C3-C4 and Cz-Fz groups in the lower body locations. Both electrode montage groups showed a gradual stepwise reduction in all mean SER values along the spine from the cranial to caudal region. For the upper body locations, there were no significant associations between SER and both montages; in contrast, a significant association SER was demonstrated in the lumbar region. Conclusion. At supramaximum levels, movements resulting from multipulse TES are likely caused by relatively strong contractions from muscles in the neck resulting from direct extracranial stimulation. When interchanging electrode montages in individual cases, the movement in the neck may become reduced. At lumbar levels transcranial evoked muscle contractions dominate movement in the surgically exposed areas.
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Objective. To describe a technique quantifying movement induced by transcranial electrical stimulation (TES) induced movement in relation to the positioning of electrodes during spinal deformity surgery. Summary of Background Data. TES induced movement may cause injuries and delay surgical procedures. When TES movements are evoked, muscles other than those being monitored any adjustments in stimulation protocols and electrode positioning may be expected to minimize movement whereas preserving quality of monitoring. In this study, seismic evoked responses (SER) induced through TES were studied at different electrode positions.
Methods. Intraoperative TES-motor evoked potentials were carried out in 12 patients undergoing corrective spine surgery.
Accelerometer transducers recorded SER in two directions at four different locations of the spine for TES-electrode montage groups Cz-Fz and C3-C4. A paired t test was used to compare the means of SER and the relationship between movement and TES electrode positioning.
Results. SERs were strongest in the upper body. All mean SERs values for the Cz-Fz group were up to five times larger when compared with the C3-C4 group. However, there were no differences between the C3-C4 and Cz-Fz groups in the lower body locations. Both electrode montage groups showed a gradual stepwise reduction in all mean SER values along the spine from the cranial to caudal region. For the upper body locations, there were no significant associations between SER and both montages; in contrast, a significant association SER was demonstrated in the lumbar region. Conclusion. At supramaximum levels, movements resulting from multipulse TES are likely caused by relatively strong contractions from muscles in the neck resulting from direct extracranial stimulation. When interchanging electrode montages in individual cases, the movement in the neck may become reduced. At lumbar levels transcranial evoked muscle contractions dominate movement in the surgically exposed areas. A surgically induced postoperative neurologic deficit is a major complication of spinal deformity surgery. 1 Reliable information about the impact of surgical action on spinal cord function is needed because corrective intraoperative manoeuvres may prevent or diminish permanent neurologic damage. 2 During the past decade, transcranial electrical stimulated motor-evoked potential (TES-MEP) has been proved capable of providing instantaneous reliable information about the integrity of the spinal cord. 3, 4 During surgery, TES-MEPs are elicited by transcranial electrical stimulation of the motor cortex. The resulting EMG responses are recorded at peripheral muscles superior and below the level of surgery. However, TES has a number of unwanted side effects. TES-induced movement during surgical procedures may cause serious injuries. Bite injuries caused by jaw movements causing tongue or lip laceration, mandibular fracture, 5 and damage to endotracheal tubes from TES are recorded in literature. 6 Tamkus   7 reported in their studies 111 bite injuries in a total incidence
From the of 0.63% caused by transcranial stimulation, an infrequent but distressing complication. Central and peripheral TES-induced movement is also evident intraoperative. The surgical procedure is frequently temporally paused during stimulation to avoid iatrogenic surgical injuries. Constant communication among the surgeon, anaesthesiologist, and neurophysiologist to avoid injuries is therefore mandatory. 11, 12 Also real-time surgical field video is used for this purpose. Despite the potential dangers of TES induced movement in the operating field, no adverse events have been reported. Other known risks of TES-MEP monitoring include seizures, affecting respiration, cardiac arrhythmia, and intraoperative awareness because of the specialized anaesthetic requirements. 5, 8, 9, 10, 13 During TES whole body movement is induced. The degree of observed movement in the head and neck, the trunk, and extremities is however different. In addition, movement is multidirectional. With the body in prone position observed movement is mainly side ways and in an upward or downward direction. Both directions are potentially harmful during surgery. There is no literature quantifying these TES induced movement along the spine.
When stimulating with different TES settings, a relationship between these settings and the degree of movement is also obvious. Higher voltages or currency stimuli among other variables will increase body movement. 5 Well known is also the risk for tongue or lip injury during TES MEP monitoring especially when stimulating with C3-C4 montage. The mechanism of these injuries may involve both corticobulbar activation with pulse-trains and direct muscle or trigeminal nerve stimulation. Use of C3-C4 TES might produce stronger biting than other electrode orientations because the electrodes are closer to facial motor cortex, jaw muscles, and trigeminal nerves.
Technical adjustments in TES-MEP procedure may thus help minimizing intraoperative movement, whereas quality of neuromonitoring is preserved. Stimulation parameters for TES, such as the number of pulses and the location of the stimulation electrodes on the head, are expected to relate to the magnitude of stimuli induced movement. TES montages C3-C4, for example, have a strong potential to induced movement compared with other montages (Table 1) .
These parameters may therefore theoretically be used to minimize movements whereas preserving monitoring quality.
The aim of this study is to describe and quantify TES induced movements in TES-MEP neuromonitoring procedures in relation to stimulation electrode montage on the skull.
MATERIALS
During corrective spine surgery, routinely intraoperative TES-MEP monitoring was performed in 12 cases. Surgery was performed on 12 patients four males and eight females, age 20 years (mean) AE 13 (SD) with a scoliotic deformity with no preexisting neurological deficit or diseases. Posterior correction and fusion using a construct of pedicel screws and hooks were performed in all cases. Simultaneously seismic evoked responses (SER) were recorded during TES-MEP setup protocol. Measurement data were taken at intensities that were used for clinical monitoring. The amplitudes of the SER were studied as functions of number of pulses and SEP electrode orientation. Latency times and thresholds for M-responses and cortico-bulbar MEP's were obtained from single and multipulse TES. The measured data were analysed off-line after the experiments. The local medical ethical committee approved the study design.
METHODS TES-MEP Technique
The motor responses were elicited by transcranial electrical stimulation using a custom-made stimulator, the Neuroguard (JS-Center, Bedum, the Netherlands). This is a voltage stimulator with a low-output impedance (22 V) and a current limit of 1 A. Two needle electrodes were inserted subcutaneously at (i) Cz-Fz,(ii) C3-C4, and (iii) C3-Cz (the anode). The cathode, a Velcro ground strip electrode, was immersed in saline and placed on the forehead. Electrode impedance calibration was performed before surgery. The evoked muscle responses were recorded in four bilateral muscle groups with surface electrodes. Multipulse stimulation was used at a supramaximal level in a train of four pulses with a variable pulse width. The supramaximal level was determined before surgery and generally measured between 150 and 250 V. During all the surgical procedures, one bilateral muscle group above the spinal level of surgery was used as a control site. The combined activity of the abductor pollices brevis muscle (APB) and the abductor digitus V muscle (ADV) of the hand was used as a control condition. The other six recording electrodes were placed symmetrically: three on each of the lower limbs. Any three of the following four sites were used: the anterior tibial muscle (L4-L5), the hamstrings (L5-S1), the quadriceps (L2-L4), and the calf muscle (S1-S2). The bilateral lower limb muscle groups with the largest elicited MEP amplitude were selected for monitoring. Monitoring was performed every 10 minutes, and additional stimulation was applied during the instrumentation of each hook or screw throughout the correction procedure, and whenever the surgeon requested another measurement.
SER Technique
Accelero 
Anesthetic Protocol
Patients were orally premedicated with midazolam (0.1 mg/ kg) 1 hour before general anesthesia. No muscle relaxants were given because these would influence the muscle responses. General anesthesia was induced with a bolus dose of propofol (2 mg/kg) and remifentanil (1 mg/kg). If relaxation was necessary for smooth intubation, atracurium (0.4 mg/kg) was given once (t 1/2, 15-30 mins). During the first 30 minutes, anesthesia was maintained by propofol (4 mg/kg/hr) using continuous infusion. Thereafter, the dose was lowered to 2 mg/kg/hour. Continuous infusion of remifentanil began at 15 mg/kg/hour and was titrated according to pain responses. Bolus application of remifentanil and propofol was avoided because it could lead to disappearance or marked decrease of TES-MEP responses. Morphine was given (0.15 mg/kg) 30 minutes before the end of the operation, and remifentanil was stopped 20 minutes thereafter.
Patients were ventilated with a gas mixture of O 2 and N 2 O in the ratio 1:2.
Statistical Analyses
Difference in SER in X and Y direction between Cz-Fz and C3-C4 montage where then compared and statistical analysed using the student t test. To make SER independent of the direction, a combined calculated vector of movement (cSER) was computed by assuming that he square of the cSER is equal to the sum of the squares of SER in X and Y direction. cSER was than also analysed in relation to orientation of the electrodes using student t test.
RESULTS
After data collection, the shapes of MEPs and SERs were studied from which time windows were defined for computations of the amplitudes of the MEPs, SEPs, and also the excursion amplitude of the induced displacement were determined. With increasing TES intensity, aMEP and mMEP amplitudes increased according to sigmoid shaped intensity titration functions. Mean SER was calculated for three directions X, Y, and combined for C3C4 and CzFz montage on four locations on the body cranio-cervical (CC), cervical-thoracic (CT), thoracic-lumbar (TL), and lumbar-sacral (LS) ( Table 1) .
Measured movement in the upper body locations (CC and CT) is fiercer but not correlated to the montage of the TES electrodes (C3C4 and CzFz ). In the lower body (TL and LS), there is a clear correlation between electrode montages and induced movement ( Table 2) .
DISCUSSION
TES-MEP is a reliable neuromonitoring technique and in an increasing number of spine centers internationally routinely used in spinal deformity surgery. With increasing employment of TES-MEP, an extra effort has to be made to reduce the potential harmful site effects of this technique whereas quality of monitoring is preserved. Only some consequences of TES induced movement, such as bite injuries and lip lacerations are reported. 6 No attempts have been done to describe the quantity of movement induced by TES during surgical procedures or its impact. The purpose of TES is by essence inducing a motor reaction in distal muscle by a direct stimulation through a cortico-spinal pathway. With this reaction the integrity of the cortico-spinal pathway is confirmed during potential harmful spinal surgery. These movements, however, are by itself also potentially dangerous during these delicate procedures. Constant communication between the surgeon, anaesthesiologist, and neurophysiologist to avoid injuries is mandatory. In addition, it delays and distracts surgical procedure. To handle these TES induced movements, spine centers are working with protocols and pay close attention to work as a team. Teamwork and communication in surgical teams has implications for patient safety. 14 But why is the patient moving in such an order that continuing surgical procedure is not possible? TES is targeting mainly arm and leg muscles to test the integrity of the cortio-spinal pathway. Typically arm MEP include the abductor pollicis brevis (thenar muscle), leg MEP recordings typically include the tibialis anterior and abductor hallucis. These muscles are causing mainly movement of the extremities, and not the trunk. But the spine has also skeletal muscles. Just as in the extremities, these muscles taper to fibrous tendons attaching to bone and crossing joints so that contraction produces movement. Movement generally requires the activation of several motor units; faster firing and recruitment of more and larger units increase contraction strength and thus increase movement. The direction of spinal movement induced by muscle contractions can be divided in flexion and extension. The erector spinae is the most important extensor muscle group of the back. Its tendinous origin is extensive, arising from the top of the pelvis (iliac crest), most of the lumbar vertebrae, and several of the lower thoracic vertebrae. The posterior branches of the spinal nerves innervate these muscles directly form the spinal cord. Flexor muscles are located in the cervical and lumbar regions of the spine; there are no flexor muscles in the thoracic region. The main lumbar spine flexors are the front muscles of the abdominal wall, the rectus abdominis, and the abdominal internal and external oblique muscles. These muscles are innervated by the anterior branches of the spinal nerves. These spinal muscles are also involved in breathing. Breathing causes always a form of movement during surgery. To describe the degree of movement we used the accelero transducers and measured a maximum baseline of 5 mm/s of movement before surgery without stimulating. By than combining vertical and axial displacement during stimulation we computed a new variable, cSER. This variable is direction independent for movement. As TES induced movement in both measured directions is a disturbance of the surgical procedure, a combined variable is more correlated to the surgeons' observation.
By observation during stimulation one may think that TES induced movement on the body is not equally distributed. To distinguish between the degrees of movement we measured SER on four different locations on the spine ( Figure 1) .
As observed during stimulation, recorded cSER were higher in the head neck region than lumbar sacral. A possible explanation for this is that with stimulating transcranial the targeting muscles are not exclusively stimulated. Also an extra cranial direct stimulation of head and neck muscles may occur explaining the difference between SER in the upper and lower part of the body.
We found no correlation in movement in the upper body locations (CC and CT) in montage of the TES electrodes (C3C4 and CzFz Tables 3 and 4 ). In the lower body (TL and LS), there was an obviously relation between electrode montage and movement suggesting that this was a true TES motor pathway induced reaction. In the upper body, extracranial stimulation induced movement made determination between electrode montages and thus a true cortico-spinal route not possible. This extracranial direct stimulation of the head and neck muscles also explains the difference in SER between upper and lower body. As in the upper body, SER are an accumulation of stimulation of the cortico-spinal route and extracranial direct stimulation, the lower body has no extracranial route and thus less movement.
By describing and understanding the reactions on TES-MEP, one may be able to reduce movement in such a way that postponing surgical action during stimulation is no longer necessary. The first step is however reducing movements whereas preserving monitoring in a joint surgical team effort to improve patient safety in spinal surgery. Further research is necessary to identify modifiable variables in reducing SER in TES to reach this goal.
